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Abstract 

We report detailed magnetic measurements on history and metastability effects in the intermedi- 
ate state of mesoscopic cylinders of type I superconducting Indium. This includes the observation 
of topological hysteresis with the signature occurrence of different critical fields during flux entry 
and flux exit. We show the existence of a plethora of metastable configuration and recipes to access 
them. We also demonstrate the manifestation of superheating and supercooling of superconducting 
and normal states, respectively across the superconductivity transition. 

PACS numbers: 74.78Na, 74.25.Bt, 75.75.Cd, 75.70.Kw, 74.25Ha, 75.75.-c 
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In the presence of an external magnetic field, a type-I superconductor undergoes a first 
order transition from a superconducting (SC) to a normal (N) phase . Although the 
initial and final phases are homogenous, the transition proceeds through the onset of an 
intermediate state (IS), which essentially consists of an intricate pattern of SC and N do- 
mains. Such a modulated phase structure is seen to exist in a wide variety of condensed 
matter systems, viz., (i) self organized domain patterns in biphasic quasi-2D systems, e.g., 
ferro- ^nd ferrimagnetic garnets jsl, (ii) interface between two immiscible fluids in Hele-Shaw 

js, 0], (iv) chemical 



cells {41, (iii) Langmuir arnphiphilic monolayers at air- water interface 



reaction diffusion system [7|^ (v) nucleonic matter within a neutron star [8|, (vi) adsor- 
bates on a metal substrate [9S] , etc. In such systems, the competition and interplay between 
short-range interactions associated with a positive interfacial energy and the long range mag- 
netostatic/electrostatic/elastic interactions lead to a spatial modulation in phases 10|. This 
lies at the heart of the phenomena of pattern formation. The topology of the IS in type-I 
superconductors is guided by a competition between the magnetic energy that facilitates 
the formation of smaller normal domains and the positive surface energy which favors large 
domains pLj]. As IS with various configurations of N-SC domains can be achieved by simply 
varying the magnetic field and temperature, type-I superconductors undoubtedly provide a 
model experimental system with easily tunable parameters for studying the intricate physics 
of pattern formation. The emergence of irreversibility during the processes of flux entry and 
exit in the IS has been an area of active interest recently lll-ll9| . Magnetic hysteresis in type- 
I superconductors was historically ascribed to disorder (defects, dislocations and impurities) 
and edge barriers 20|. However, recent developments in high resolution magneto-optical 
imaging (MOI) techniques have paved way for a revision of archaic ideas. In particular the 
experimental observations by Menghini et al fl^. fisj]. Prozorov et al 11-13|, and Gourdon 



et al 



16| point to the occurrence of topological irreversibility associated with the formation 



of laminar patterns during flux exit in contrast to the tubular structures formed during 
flux entry. Furthermore, there has been observation of distinct transition fields during flux 
entry and flux exit. The behavior is expected to get richer in the mesoscopic regime, where. 



confinement effects are expected to play an important role [21|. However, a type-I super- 
conductor has been seen to go into the type-II regime at mesoscopic length scales and this 
had made it practically impossible to experimentally study the nature of intermediate states 
in mesoscopic samples. Recently it was demonstrated that pure Indium (In) in the form 
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of nanowires (nanocylinders) encapsulated within ZnS nanotubes remains a type-I super- 
conductor down to diameters smaller than the coherence length {^buik = 364 nm) of bulk 



Indium 



23|. MOI measurements on such In samples are not practicable due to the resolution 



limit of the garnet films, however, a lot of information regarding the nature of the IS can 
be obtained by sensitive magnetization studies. In this letter, we demonstrate via magnetic 
measurements: (i) the occurrence of topological hysteresis in mesoscopic In cylinders and 
the observation of different critical fields during flux entry and flux exit, (ii) the existence of 
a plethora of metastable configuration and recipes to access them, and (iii) the superheating 
and supercooling of SC and N state respectively across the SC-N transition. Based on the 
results, useful and subtle analogies can be made for other systems manifesting a modulated 
phase structure due to an interplay of short range and long range interactions. 

The sample comprising In-ZnS core-shell structures was synthesized in a high-temperature 
vertical induction furnace utilizing the recipe described before 2J|. The charge consisting 
of 0.1 g of In2S3, 0.25 g of ZnS, and 0.05 g of activated carbon was thoroughly mixed 
and put in a graphite crucible placed at the center of the furnace. An additional 0.5 g 
of S was put in another graphite crucible that was placed at the bottom of the furnace. 
Initially the furnace was evacuated to lxlO~^ Pa and then filled with 99.99 % of Argon gas. 
The crucible was rapidly heated to 1300°C, where it was kept for 45 min in flowing (0.15 
1/min) Ar gas and then the furnace was switched off to allow a natural cooling to room 
temperature. Sample was collected from several locations from the deposition tube placed 
at the top of the crucible. High resolution transmission electron microscopy (TEM) and 
energy dispersive spectroscopy (EDS) mapping on the sample was performed using a JEOL 
JEM-3000F (300kV) TEM. For this, the core-shell structures were first dispersed in ethanol 
by ultrasonication and then deposited dropwise onto a holey carbon coated copper TEM 
grid. The magnetic measurements were performed using a Quantum Design MPMS XL 
magnetometer utilizing the reciprocating sample option (RSO) with 1 cm amplitude. The 
MPMS XL magnet has a field uniformity of 0.01 % over 4 cm length leading to a maximum 
field inhomogeneity of 0.02 Oe during the RSO measurements in our experiments. Ac 
susceptibility {Xac) measurement was performed using ac-option of Quantum Design MPMS 
SQUID magnetometer. 

Figure 1 shows the x'ac versus T plot for a collection of In-ZnS core-shell structures 
obtained at an ac-drive (Hac) of 1 Oe with drive frequencies (/) of 1 Hz, 11 Hz, and 111 
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Hz, respectively (shown by various open symbols). The onset of superconducting transition 
is marked by and is independent of the drive frequencies in the range 1|111 Hz. In the 
main inset is shown the TEM image of a single core-shell structure comprising of a ZnS shell 
encapsulating an In core. The sub-inset panels (a) to (c) shows the EDS maps of the core- 
shell structure corresponding to the In L-edge, Zn K-edge and S K-edge spectra respectively. 
The x-ray diffraction for the as prepared samples and the selective area electron diffraction 



(SAED) of an individual core-shell structure are reported elsewhere 2J]. They attest to the 
single-crystalline nature of the In core. The distribution of length and diameters of the final 
core-shell structure are sensitive to the exact synthesis conditions. For the sample used in 
the present study, the average external diameter of the core-shell structure was about 200 
nm, with an average diameter of 120 nm for the In nanowire core. The nanowires had a 
typical length of 5-20 fim. Using these quantities, an estimate for the amount of Indium 
present in the sample was done for the purpose of normalizing the magnetization data. For 
this purpose, the following expression was used: 

Mr„. = -r ^^"'""'V.. T (1) 



{Dzr.Sy-{Dln)^ \ PZnS 



where, Mjn is the estimated weight of Indium present in collection of core-shell structures 
with a total weight Mgampie, (Dzns) and {Din) are the average diameters of the ZnS shell 
and Indium core respectively. Also, pznS (4.09 gm/cm'^) and p/„ (7.31 g/cm^) are the 
densities of ZnS and Indium, respectively. Different weights of sample (in the range of 2 to 4 
mg) were measured to compare the normalized moment under identical conditions and the 
estimated normalized moments were identical within experimental resolution suggesting that 
the core-shell structures are randomly oriented with respect to the field direction. Figure 
2 shows the magnetization hysteresis (M — H) loops at 2.5 K in the case of a collection 
of In nanowires (panel (a)), and bulk In cylinder with a diameter 0.9 mm and length 2.1 
mm and field perpendicular to the axis of the cylinder (panel (b)). Inset in panel (b) shows 
an expanded view of a portion of the M — H loop. The notional critical fields, H^°^ and 
if^*^*, for the forward and the return legs of the M — H loop, respectively are marked. As 
can be observed in the nanowire case, the critical fields during the field sweep-up and field 
sweep-down are markedly different. Also, the critical field in the case of the bulk cylinder 
has a value which lies between if/- and i^r* for the nanowire case. This is remarkably, in 
contrast to the situation in the case of nanowires of superconducting Pb (reported as a type- 



II superconductor in the nanowire form) [22], where there is a unique critical field whose 
value is markedly higher than the value of He for bulk Pb. This attests to the type-I nature 
of the In nanowires. The differences between the critical fields during the field sweep-up and 
field sweep-down can be attributed to the phenomenon of superheating and supercooling 
where the ordered superconducting (disordered normal) phase is superheated (supercooled) 
across the first order SC-N phase transition. In such a scenario, there is the possibility 
for the existence of a multiplicity of superheated and supercooled metastable states. The 
nature of these metastable states depends on the exact magneto-thermal history during 
their formation. In order to elucidate the phenomena of superheating and supercooling 
across the SC-N transition in the case of In nanowires and for accessing and exploring the 
various metastable configurations, a set of protocols were followed to prepare the state of 
the system for magnetic measurements. These are enumerated below: 

I. Field cooling followed by a temperature shake (FCTS) : the sample is initially exposed 
to an external field, Hpc at T/at > 7c and then cooled to a temperature Tpc < Tc 
leading to the field cooled state (FC). This FC state is then taken to a tempera- 
ture Tpc + ATsH and Tpc — ^Tsh for the positive and negative temperature shake, 
respectively and then brought back to Tpc before measurement. 

II. Field cooling followed by a field shake (FCFS) : after preparing the FC state, the 
sample is measured while sweeping the field up and down by an amount AH about 
Hpc with the final measurement done at Hpc after equal number of field sweeps in 
both directions. 

III. Field shake at a given field on the envelope M — H loop (FSL) : at various locations 
on the envelope M — H loop {Hx, Tx), minor hysteresis loops are made by sweeping 
the field up and down by an amount AH and after equal number of field sweeps in 
both directions, the sample is brought back to the starting location {Hx, Tx)- 

Figure 3 shows a portion of the magnetization hysteresis {M — H) loop at 2.5 K (black line 
and symbols) with arrows marking the field sweep directions. The red diamond symbols 
corresponds to the magnetization values for the various metastable states accessed via the 
FCTS protocol (Protocol-I). The inset shows a color scale contour plot for the evolution of 
magnetization values from the field cooled state for various negative temperature shakes. 
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There exists a considerable similarity between the distribution of various metastable states 
(shown by the red diamond symbols in Fig. 3) observed experimentally in the present case 
and the theoretical calculations recently demonstrated by Peeters et al In particular, 
the near absence of metastable configurations at the low field and the high field end indeed 
is remarkable. 

Figure 4 shows a portion of the M — H loop at 2.5 K (black solid symbols and curve) 
with arrows indicating the field sweep directions. In violet (open symbols and curve) and 
red (open symbols and curve) are shown typical measurements following the FCFS protocol 
(Protocol-II), with II and 12 (Fl and F2) denoting the respective initial (final) states. As 
can be observed, beyond a certain number of field shakes, further changes in the M values is 
notionally absent. Thus, Fl and F2 respectively indicate the limiting M values at the given 
field values. Figure 5 shows a portion of the magnetization hysteresis (M — H) loop at 2.5 
K (black line) with arrows marking the field sweep directions. Also shown are various minor 
loops obtained via the FSL protocol (Protocol-Ill). The dotted arrows mark the evolution 
from the initial to the final states (different open symbols at various field values) following 
the above protocol. The inset shows a plot of changes in magnetization values via the FSL 
protocol at various field values. As can be clearly seen, the difference between the initial 
FC state and the final state obtained as a result of the subsequent field shake, peaks at 
intermediate field values. This reinforces the observations of Fig. 3, that the metastability 
is maximal at intermediate field values in agreement with the theory 2l|]. Panel (a) of Fig. 
6 shows a color scale contour plot of the evolution of the magnetic susceptibility values 
from the field cooled state following the FCTS protocol with negative temperature shakes 
obtained at 2.5 K. In panel (b) is shown a similar plot as panel (a) above, however, positive 
temperature shakes are employed in this case and the starting configuration corresponds 
to the final state in panel (a). Panels (a) and (b) respectively portray the hallmark of the 
phenomena of superheating and supercooling. As can be seen clearly, whereas in panel (a), 
a low temperature superconducting phase is superheated, in panel (b), a high field normal 
state is supercooled. 

A number of different factors contribute to the observed hysteresis in a typical M-H mea- 
surements, viz., (a) pinning, (b) geometrical barrier, (c) topological, (d) superheating and 
supercooling across the first order transition, etc. If the hysteresis is of a pinning induced 
nature, it is expected to increase with a decrease in field and attains a maximum at zero field. 
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This is not what is observed in the present case. A geometrical barrier driven hysteresis is 
unhkely to contribute due to the large aspect ratio for the In cylinders in the mesoscopic 
regime. The differences the topology of normal domains during flux entry (tubular) and 
flux exit (lamellar) leads to topological hysteresis. In macroscopic samples, the occurence of 
topological hysteresis was notionally understood by assuming the presence of a surface bar- 
rier during flux entry, which was absent during flux exit such that a large number of laminae 
are connected to the sample edge during flux exit leading to a continuous flux exit, in con- 
trast during flux entry, normal domains are pulverized into smaller pieces during flux entry. 
Recent MOI measurements lead to a more reflned understanding of the phenomena. Recent 
theoretical work by Berdiyorov ct al suggested the possibility of a confinement ( topology) 
enriched hysteresis with the possibility of the existence of a plethora of mctastablc states. 
Our observations appear to be in good agreement with their proposal. In addition we observe 
signatures of superheating and supercooling across the N-SC transition in the mesoscopic 
regime. There exists ample evidence in the literature for superheating/supercooling induced 
asymmetry in M-H measurements with accompanying hysteresis in the case of first order 
order-disorder transition across peak effect phenomena in type-II superconductors. An anal- 
ogy can be drawn to explain the observed asymmetry in the present case. Due to the absence 
of directionality with respect to the applied field in the present case for the nanowires, the 
demagnetization correction is not possible, however such a correction is just expected to 
renormalize the observed M values. The present results on hysteresis and the accompanying 
metastability effects in the intermediate state of mesoscopic type-I superconducting Indium 
attempts to provide a glimpse into the richness of the phenomena. Based on the observa- 
tions of superheating and supercooling in the intermediate state across the SC-N transition, 
interesting physical analogy could be made for other systems where the competition and 
interplay between short-range interactions associated with a positive interfacial energy and 
the long range magnetostatic/electrostatic/elastic interactions lead to a spatial modulation 
in phases, e.g., by tuning suitable parameters, the rate of forward (backward) reaction could 
possibly be modified in a typical reaction-diffusion system. 

In conclusion, we report the observation of topological hysteresis in a collection of meso- 
scopic cylinders of type-1 superconducting In. We demonstrate the occurence of a plethora 
of metastable magnetic configurations, depending on the exact recipe followed to obtain a 
particular configuration. Also reported is the occurence of the phenomena of superheating 
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and supercooling across the imminent first order SC-N phase transformation. 
* thakur.ajay@nims.go.jp 
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FIG. 1: (Color online) Xac versus T plot obtained at drive frequencies of 1 Hz, 11 Hz and 111 Hz 
(various open symbols). The onset of superconducting transition is marked by T"". The main inset 
shows the TEM image of a single core-shell structure comprising of a ZnS shell encapsulating an In 
core. The sub-inset panels (a) to (c) shows the EDS maps of the core-shell structure corresponding 
to the In L-edge, Zn K-edge and S K-edge spectra respectively. 
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FIG. 2: (Color online) Magnetization hysteresis (M — H) loops at 2.5 K in the case of (a) a 
collection of In nanowires, and (b) bulk In cylinder with a diameter 0.9 mm and length 2.1 mm 
{H _L axis). The critical fields hI"^ and H^^^ during the forward and return legs of the M — H 
loop, respectively are labelled. 
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FIG. 3: (Color online) A portion of the magnetization hysteresis (M — H) loop at 2.5 K (black 
line and symbols) with arrows marking the field sweep directions. The red diamond symbols 
corresponds to the magnetization values for the various metastable states accessed via the FCTS 
protocol (see text for details). The inset shows a color scale contour plot for the evolution of 
magnetization values from the field cooled state for various temperature shakes. 
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FIG. 4: (Color online) Portion of the M-H loop at 2.5 K (black solid symbols and curve) with 
arrows indicating the field sweep directions. In violet (open symbols and curve) and red (open 
symbols and curve) are shown typical measurements following the FCFS protocol (see text). II 
and 12 (Fl and F2) denote the respective initial (final) states 
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FIG. 5: (Color online) A portion of the magnetization hysteresis (M — H) loop at 2.5 K (black 
line) with arrows marking the field sweep directions. Also shown are various minor loops obtained 
via the FSL protocol (see text for further details). The dotted arrows mark the evolution from 
the initial to the final states (different open symbols at various field values) following the above 
protocol. The inset shows a plot of changes in magnetization values via the FSL protocol (see text) 
at various field values. 
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FIG. 6: (Color online) (a) Color scale contour plot of the evolution of the magnetic susceptibility 
values from the field cooled state following the FCTS protocol (see text) with negative temperature 
shakes (see text for details) obtained at 2.5 K. (b) A similar plot as (a) above, however, positive 
temperature shakes are employed in this case and the starting configuration corresponds to the 
final state in (a) above. 
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